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Based on the scattering matrix theory and non-equilibrium green function method, we have
investigated the fluctuations of charge and spin current of the systems which consists of a quantum
dot (QD) with a resonant level coupled to two semiconductor contacts within in alternative site (AS)
and alternative bond (AB) framework, where two transverse (Bx) and longitudinal (Bz) magnetic
fields are applied to the QD. It is only necessary to use the auto-correlation function to characterize
the fluctuations of charge current for a two-terminal system because of the relation which is defined
as
∑e
α Sαβ =
∑e
β Sαβ = 0. Our result shows that both auto-shot noise (SLL) and cross-shot noise
(SLR) are essential to characterize the fluctuations of spin current when Bx is present. Moreover,
our model calculations show that the sign of the cross-shot noise of spin current is negative for all
surface states of AS/QD/AS junctions, while it oscillates between positive and negative values for
two surface states of AB/QD/AB junctions as we sweep the gate voltage.
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I. INTRODUCTION
Shot noise describes the fluctuations of current, and
It is an inherent characteristic of nano-devices because
of the quantization of electron charge. Unlike for ther-
mal noise which describes the equilibrium property of
fluctuation in the occupation number of discrete charged
particles
〈
n
〉
, we have to investigate the non-equilibrium
(transport) state of the system to observe the shot noise.
Generally, the thermal noise is directly dependent on
temperature and gives rise to the occupation number of
the states of a system to fluctuate. During the past two
decades, the study of shot noise has attracted increasing
attention both experimentally and theoretically1 since it
can give us more detailed information about transport
features compared to that of the current.
Recently, as a result of the revolution of spinotronic,
spin-polarized current particularly pure spin current has
received much more attention2. More attention has been
paid on the charge current correlation compared with
the polarized spin current correlation3–8. Because of the
discreteness of the spin carrier, the information related
to spin can be derived from the spin current fluctua-
tions. Shot noise of spin-polarized current has been in-
vestigated in several quantum devices containing N-M-
N (normal-magnetic-normal)9 and F-N-F(Ferromagnet-
Normal-Ferromagnet)10. In these devices, shot noise is
expected to provide extra information about spin accu-
mulation and spin-dependent scattering process. As It
is clear, the charge current correlation between different
contacts (cross correlation noise) is definitely negative
for a two-contact normal system,11. On the other side,
∗email: javahedi@iausari.ac.ir
Tel: (+98)9111554504
Fax: (+98)151 33251506
the spin cross correlation noise between different con-
tacts is not necessarily negative for a magnetic connection
because of spin flip mechanism. For instance, Ref.[12]
showed that the cross correlation at specific Fermi en-
ergy can be positive in view of Rashba interaction.
Despite some theoretical and experimental efforts on
systems with two metal contacts13–22, often gold, intrigu-
ing physics occurs when one or both contacts are sub-
stituted by semiconductors contacts23–30 which includes
negative differential resistance and rectification31,32. Us-
ing scattering matrix theory and a generalized Green’s
function method in this present article, we studied the
effect of both spin and charge shot noise on electronic
conductance of the scattering QD connected to two semi-
conductor contacts including silicon and titanium dioxide
which has not been studied so far.
The layout of this paper is as follows. In section (II),
we summarize the model. Theory and formalism are
given in section (III). More details of current fluctu-
ations are presented in Supporting information. In sec-
tion (IV ), we present our numerical results and finally,
conclusion is given in section (V ).
II. MODEL
Using some perturbations of the Newns-Anderson
metal model like gold, one can model semiconductors as
titanium-dioxide and silicon33–38 as seen in Fig.1. One
such model which alternates both the site energies εk1,
εk2 and inter site couplings t1, t2 with nearest neighbour
in tight-binding picture has been introduced by Koutecky
and Davison (KD)33, Fig. 1-(a). Note that, the KD
model has three limits. The first one can be achieved
in the mixed limit εk → 0, t1 → t2 ≡ t, producing the
Newns-Anderson model (NA) as can be seen in Fig.1-(b)
where εk and t are the on-site energy and intersite hop-
ping energies, respectively, in the tight-binding model32.
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2FIG. 1: Schematic representation of (a) Koutecky-Davison
(KD), (b) Newns-Anderson (NA), (c) Alternative site (AS)
and (d) Alternative bond (AB) models.
The second type is the limit εk1 = −εk2, t1 → t2 ≡ t.
This alternating site (AS) model has been used to model
the titanium dioxide where the site energies (εk and −εk)
refer to the different atoms. The last one is the model
alternates bonds (AB) Fig.1-(d). The AB model has
been used to model germanium and silicon where the
bond disparities (t1) and (t2) are related to the orbital
hybridization32.
Cleaving a crystal into two non-interacting parts, leads
to symmetries break and surfaces arises. The sur-
faces show dangling bonds potentially leading to recon-
structing surface states with densities localized near the
surface32,39,40. Three 0, 1 and 2 surface states are made
in either AS or AB models. For the AB model, 0, 2 and
1 surface states are characterized as |t1| > |t2| in both
leads, |t1| < |t2| in both leads and |t1| > |t2|(|t1| < |t2|)
in source (drain), respectively. For the AS model, 0, 2
and 1 surface states are defined as εk1 < 0 in both leads,
εk1 > 0 in both leads and εk1 < 0 (εk1 > 0) in source
(drain), respectively.
III. THEORY FORMALISM
The concept of the scattering method is to explain
transport properties especially current fluctuations of the
system in terms of its scattering properties. To be clear,
we regard a sample connected to electron baths via a
number of contacts labeled by an index α, and parti-
cles which obey Fermi distribution functions fα(E) =
[exp[(E − µα)/kBTα]+1]−1, α = 1, 2, 3, ..., where Tα and
µα correspond to temperature and chemical potential of
wide leads, respectively. At a given energy E the lead
α supports Mα(E) transverse channels. Notice that,
each spin degree of freedom is individually investigated.
Now, we introduce creating and annihilating operators as
aˆ†αm(bˆ
†
αm) and aˆαm(bˆαm) = aˆαm↑(bˆαm↑)+aˆαm↓(bˆαm↓) (m
= 1, 2...,Mα), which describe electrons in incoming (out-
going) state of lead α in transverse channel m, respec-
tively. aˆ and bˆ are related through the spin-dependent
scattering matrix which is bˆασ =
∑
βσ′ sαβσσ′ aˆβσ′ , where
σ and σ′ are spin variables and bˆα is a vector of the opera-
tor bˆαm. Here the indices α and β label the contacts. The
matrix s is unitary. Using scattering matrix, we define
the expression of the charge and spin current operator as
follows:1
Iˆαµ(ω) = − 1~
∫
dE[aˆ†α(E)Oˆµaˆα(E
′)− bˆ†α(E)Oˆµbˆα(E′)]
− 1
~
∫
dE
∑
βγ
aˆ†β(E)Aβγ,µ(α,E,E
′)aˆγ(E′) (1)
Note that, Aβγ,µ(α,E,E
′) = 1αδαβδαγOˆµ −
s†αβ(E)Oˆµsαγ(E′), where E′ = E + ~ω. Here Iˆαµ
with µ = 1, 2, 3 defines the spin current operator when
Oˆµ = (~/2)σµ and Iˆα4 corresponds to the charge current
operator which Oˆ4 = −eI, where I is the identity
matrix. From Eq.(1), we can derive the average current
as Iαν = −1/~
∫
dE
∑
β Tr[Aββ,µ(α)]fβ(E).
It is straightforward to show that the spectral density
of current fluctuations Sαβ(ω) in terms of its Fourier-
transformed current operator is 2piδ(ω + ω′)Sαβ(ω) ≡〈
∆Iˆα(ω)∆Iˆβ(ω
′) + ∆Iˆβ(ω′)∆Iˆα(ω)〉, where ∆Iˆα(ω) ≡
Iˆα(ω)−
〈
Iˆα(ω)
〉
. Hence, current fluctuations is described
as,
〈
∆Iˆαµ(ω)∆Iˆβν(ω
′)
〉
=
1
~2
∑
δγ
∫
dETr[Aδγ,µ(α,E,E
′)
×Aδγ,υ(β,E′, E)]fγ(E)[1− fδ(E′)]δ(~ω + ~ω′)(2)
For further discussion, please see Eqs.(1-5) of supporting
information.
〈
∆Iˆαµ∆Iˆβν
〉
ω
≡ ∆υSαβ(ω), where ∆υ is
a frequency interval41. In the low-frequency limit, shot
noise is given as,
Sαβ,µν =
1
pi~
∑
γδ
∫
dEfγ(1− fδ)
× Tr[Aγδ,µ(α,E,E)Aδγ,ν(β,E,E)] (3)
We can rewrite the above equation in terms of the scat-
tering matrix and Fermi distribution (please see Eqs.(6-
8) of the supporting information). It is straightforward
to show that
∑
α Iα4 = 0 because
∑
αAβγ,4(α,E,E)
= 0. Therefore, both the charge current as well as
the noise of charge current are conserved quantities.
Even though
∑
αAβγ,i(α,E,E) 6= 0, we still have∑
α Tr[Aβγ,i(α,E,E)] = 0 for Oˆµ = (~/2)σµ. Hence,
the total spin current is a conserved quantity again∑
α Iα3 = 0. Notice that, the spin shot noise is
not a conserved quantity due to the relation which is∑
αAβγ,i(α,E,E) 6= 0. So the auto correlation and the
cross correlation for spin current we will describe below,
are two apart quantities and are independent of each
other.
3Generally, there are two different kinds of fluctuations
in detail. The first one is the auto-correlation that is
fluctuations between currents in the same contact; the
second one is cross-correlation that is fluctuations be-
tween distinct contacts. Below we address these different
fluctuations.
Auto correlation:Substituting β for α in Eq.(3), we
find the general expression for the auto correlation at
prob α;
Sαα,µν =
2
h
∫
dE
(
fα(1− fα)
[
Tr(Oˆµ1αOˆν)− Tr(Oˆµs†αα
×Oˆνsαα)− Tr(s†ααOˆµsααOˆν)
]
+
∑
γ
fγTr(Oˆνsαγ
×s†αγOˆµ)−
∑
γδ
fγfδTr(s
†
αγOˆµsαδs
†
αδOˆνsαγ)
)
(4)
Cross correlation: For α 6= β, the cross correlation of
the current fluctuations at two terminals is described as;
Sαβ,µν =
2
h
∫
dE
(
fα(1− fα)Tr(Oˆµs†βαOˆνsβα)
+ fβ(1− fβ)Tr(s†αβOˆµsαβOˆν)
−
∑
γδ
[fγfδTr(s
†
αγOˆµsαδs
†
βδOˆνsβγ)]
)
(5)
The shot noise at zero temperature is calculated by
subtracting the equilibrium-like auto correlation and
equilibrium-like cross correlation from the general expres-
sion of auto and cross correlation, respectively. In the
derivation of shot noise, we essentially follow support-
ing information (section 3, 4 and 5). For a two contact
device, It is as follows:12,
SLL,µν =
2
h
∫
dE
{
(fL − fR)2Tr[sLLs†LLOˆµsLRs†LROˆν ]
+fL(1− fL)[OˆµsLLs†LLOˆν − Oˆµs†LLOˆνsLL]
+fL(1− fL)[OˆνsLLs†LLOˆµ − Oˆνs†LLOˆµsLL]
+[(fL(1− fL) + fR(1− fR))Tr[OˆµsLRs†LROˆν ]
}
(6)
From Eq.(3), the cross-shot noise for a two-terminal sys-
tem is described as,
SLR,µν = − 2
h
∫
dE{(fL − fR)2Tr[s†LLOˆµsLLs†RLOˆνsRL]}
(7)
The first term in Eq.(6) is the shot noise and the other
three terms are the thermal (equilibrium) fluctuations as
a result of fluctuations in the occupation numbers of the
incident channels, disappearing at zero temperature.
Because the auto correlation is definitely positive, the
cross shot noise for charge current must be negative as
a result of conservation law which is described as SLL =
−SLR. Nevertheless, the cross-shot noise of spin current
may be supposed to be a positive value, the spin current
fluctuations is not a conserved quantity.
Using the Fisher-lee relation42 which is defined as sαβ
= −δαβ + iΓ1/2α GrΓ1/2β , we obtain the different noise ex-
pressions in terms of the Greens function.
In the coherent tunnelling regime, the QD-surface in-
teractions are indirectly described by the effect they have
on the QD, which is formally performed by a self-energy
as Σ(E) = Λ(E) − i2Γ(E). Λ(E) is the real part of self-
energy corresponding to the shift of a energy levels. In
the wide band limit this energy shifting is trivial for metal
and can be ignored32, while this is non-trivial and re-
markable for semiconductors. Imaginary part Γ(E) of
the self-energy defines the broadening of the energy lev-
els originated by electrode. Here, we consider a QD in
the presence of two external magnetic fields Bx and Bz.
The supposed QD has only a single state |s〉 of energy
. On the other hand, the atomic levels of a particular
contact is denoted by |aj〉 and the Bloch states of the
same contact by |k〉 with corresponding energies k32.
The QD state only pairs to the terminal atomic level,
|a1〉, in the tight-binding framework in which each con-
tact site has solely a single level, in other words, 〈s|H|aj〉
= γδj,1, where H is the total Hamiltonian of the system
in which the QD connected by two infinite electrodes H
= HL(R) +HT +HQD. The first term HL(R) defines the
Hamiltonian of the left (right) contact which we consider
as the following Hamiltonian known as KD model,
HKD = εk
N∑
j=1
(
a†(2j−1)a(2j−1) − a†2ja2j
)
+
[
t1
N∑
j=1
(
a†(2j−1)
× a2j
)
+ t2
N−1∑
j=1
(
a†(2j+1)a2j
)
+ h.c
]
(8)
where a†j creates an electron at site j in this contact. As is
stated before there are three important limits of the KD
model as the NA, AS and AB models which their Hamil-
tonian can be expressed as HNA = t
∑N
j=1 a
†
jaj+h.c, HAS
= εk
∑N
j=1
(
a†2j−1a2j−1 − a†2ja2j
)
+ t
∑2N−1
j=1 a
†
jaj + h.c
and HAB = t1
∑N
j=1 a
†
2j−1a2j − t2
∑N−1
j=1 a
†
2j+1a2j + h.c,
respectively31. The second term HT in the whole Hamil-
tonian of system is the Hamiltonian which describes the
coupling between the isolated QD and contacts with
the coupling parameter γjσ, which is described as HT
=
∑
jσ γjσ
(
a†jCσ + h.c
)
, where h.c. is referred to the
complex conjugate. The last term in the total Hamil-
tonian expression is the isolated QD Hamiltonian under
two transverse (Bx) and longitudinal (Bz) external mag-
netic fields HQD =
∑
σ C
†
σCσ+
∑
σ C
†
σ[Bxσx+Bzσz]Cσ,
where C†σ(Cσ) denotes the creation (annihilation) opera-
tor of an electron at site i and σx(σz) are pauli matrices
in different directions.
The spectral density which is the result of adsorp-
tion, for isolated resonances is given by ΓL(R)(E) =
2pi
∑
K |Vk|2δ(E − εk), where Vk ≡< s|H|k > = γ〈a1|k〉.
Having the eigenvectors and the eigenvalues32, the spec-
4tral density can be obtained from the above equation as
ΓKD(E) =
γ2
t22
([
εk
2 + (t1 + t2)
2 − E2][E2 − εk2 − (t1
− t2)2
][ 1
(E − εk)2
])1/2
(9)
[For more discussion please see section (6) of supporting
information]. For [εk
2+(t1−t2)]2]1/2 ≤ |E| ≤ [εk2+(t1+
t2)]
2]1/2, where εk is the contact state energy. Consider
that, ΓL(R)(E) can be related to ΛL(R)(E) through the
Hilbert transform, when ΣL(R)(E) has no singularities
on the real energy axis.
ΛKD(E)
γ2
= E2 − ε2k − t21 + t22 + ΘKD(E)
([
E2 − εk2 − (t1
− t2)2
][
E2 − εk2 − (t1 + t2)2
][ 1
2t22(E − εk)
])1/2
ΘKD(E) = Θ(εk
2 + (t1 − t2)2 − E2)−Θ(E2 − εk2
− (t1 + t2)2), (10)
Consider that ΛKD,ΓKD → ΛNA,ΓNA, by applying
εk → 0, t1 → t2 ≡ β. Also taking the limits α → 0
and t1 → t2 ≡ t gives the relations for the AB and AS
models, respectively. The more detailed information is
presented in the supporting information document.
The transmission spectrum T is defined as T = Tr[T],
where T = s†LRsLR. The matrix of the retarded green
function is defined as GR = 1/[EI−H− ΣL − ΣR],
where I stands for the identity matrix.
There are three kinds of different fluctuations which
are remarkable. The first one is the current-current cor-
relation in the same contact or distinct contacts. The
second kind is the current-spin correlation in the same or
different contacts with various spin directions. The last
type is the spin-spin correlation including fluctuations
for spin along different directions and between different
contacts. In this paper, we just take care the last one
and we only consider the correlation with the same spin
direction σ3. (consistently µ = 1, 2, 3)
The spin current is described as follows:
IL3 =
1
2
∫
dE
2pi
Tr[σ3T](fL − fR) (11)
Note that, for the QD with one level, the spin current
is, in general, non-zero. The auto-shot noise and cross-
shot noise of spin current for a two-terminal system were
discussed in section II.
IV. NUMERICAL RESULT
In this section, based on the theory formalism de-
scribed in section (II), we present numerical calculations
of charge-spin current and cross-auto shot noise versus
gate voltage through an isolated QD with a resonant level
coupled with two metal/semiconductor electrodes, where
two Bx and Bz magnetic fields are applied to QD. As a
essential basis for comparison between semiconductors
and metal electrodes, we first consider a gold/QD/gold
junction within the NA model. The values of NA, AB
and AS models parameters are listed in Table-I. As a ref-
erence energy, the Fermi energy of electrodes is fixed at
EF = 0. The temperature is also fixed at T = 4K.
A. Metal electrode
The left(right) panels of Fig. 2 show the charge(spin)
current, auto-shot noise, cross-shot noise, auto-fano and
cross-fano versus gate voltage of the gold/QD/gold junc-
tion. It is obvious that, there is only one energy level,
, in the QD: after diagonalizing the Hamiltonian, this
level is divided into two levels, ±
√
Bx
2 +Bz
2, in which
resonant peaks rise. As understood from Fig. 2-(a), the
number of peaks differs for various parameters, which can
be described in the language of resonant states. When√
Bx
2 +Bz
2  , because of overlapping of the two reso-
nant levels, only one sharp peak occurs (solid black line).
If
√
Bx
2 +Bz
2 > , two peaks appears (dotted red line
and dashed blue line). Fig. 2-(A) shows that the spin
current changes its sign as we sweep the gate voltage.
Fig. 2-(b) and (c) show charge auto-shot noise and cross-
shot noise. As it can be seen, the general trend is the
same as charge current but now each peak comes in pairs
which signals each spin-up and spin-down contribution
to the total charge current noise. They do not show any
sign changing with choosing different parameters. Ac-
tually, the charge correlation between different (same)
probes is negative (positive) for fermions which obvious
here. There is also a very nice mirror symmetry, respect
to zero line which is consistent with this relation
∑e
α Sαβ
=
∑e
β Sαβ = 0. Fig. 2-(B) and Fig. 2-(C) show spin auto-
shot noise and cross-shot noise. We see for some parame-
ters spin cross correlation oscillates between negative and
positive values as we scan the gate voltage. Because of
spin-flip process, either spin-up and spin-down electrons
contribute to spin current. The cross-shot noise between
spin-up (spin-down) electrons is found to be negative def-
inite, but it is positive definite between electrons with dif-
ferent orientation. Indeed, one can write the total charge
current noise as Schargeαβ = S
↑↑
αβ+S
↓↓
αβ+S
↑↓
αβ+S
↑↓
αβ and the
total spin current noise as Sspinαβ = S
↑↑
αβ+S
↓↓
αβ−S↑↓αβ−S↑↓αβ .
It is clear from the relations that in the absence of spin-
TABLE I: Model Parameters for Au, Si, and TiO2
material model |εk|(eV ) t1(eV ) t2(eV ) γ(eV )
Au11 NA −8.95 −0.45
Si AB −1.60 −2.185 −1.0
TiO2 AS 1.6 −2 −1.0
5flip mechanism we have Schargeαβ = S
spin
αβ . While, in the
presence of spin-flip mechanism Schargeαβ 6= Sspinαβ . The
sign of the correlation S↑↓αβ (bouncing and antibouncing)
is receiving special interest. The competition between
these two contributions S↑↑αβ and S
↑↓
αβ gives rise to either
a positive or a negative in the spin current noise spec-
trum. In spite of more complicated line shape, the spin
cross correlation shows degradation at resonance trans-
mission, hence it can be useful in detecting open channel
of spin current. This analogous in detecting open chan-
nel of charge current which big suppression happens of
the charge cross correlation at resonance transmission.
To get better insights, we address the Fano factor (F )
to characterize the deviation of shot noise compared to
the Poisson value Spoisson = −2eFI. Indeed, the zero-
frequency shot noise of the charge current in a two ter-
minal non-interaction conductors reaches the maximum
value F = 1 (the Poissonian limit) which the mean oc-
cupation of a state is so small, hence the Pauli principle
is trivial. On the other hand, there are two more limits
known as sub-Poissonian (F < 1) and super-Poissonian
(F > 1) cases. Here, we examined two Fano factors corre-
sponding to the two cross and auto charge current noises
as FCCross(Auto) = −
SCross(Auto)
2eIC
. We also adopt this defi-
nition for spin current noises FCCross(Auto) =
SCross(Auto)
2IS
which reveals the transported spin unit. It is already ex-
pected for the charge current noise the two definitions
of the Fano factor give the same information which it is
clear from Fig. 2-(d) and (e). This is because that the two
cross and auto shot noise differs up to a sign, so one can
see the two defined Fano factors show exactly the same
sign changing. For different parameter cases we haven’t
reached to the Poissonian limit and a big suppression
happens at resonance points which shows qualitatively
an open channel. In the spin case, we expect to find dif-
ferent Fano factor behaviors for two cross and auto cases.
Fig.2-(D) and (E) show auto and cross Fano factors. It
is worth to mention that near the point which the spin
current changes its sign (zero spin current), one can see
a sharp enhancement of the Fano factor up to F = 2 fro
some parameters. Actually, it resembles to the super-
conductor with F = 2 which the Cooper pairing causes
an attractive Coulomb interaction between the electrons.
But a swift reduction to the sub-Poissonian limit happens
with a little deviate from zero point spin current.
Fig. 2-(f) shows the formation of two resonances in
each , as shown by the ridges of high charge current
(HCR), while Fig. 2-(F) shows the formation of a reso-
nance peak and an anti-resonance peak in each , as indi-
cated by the ridge of high positive spin current (HPSR)
and high negative spin current (HNSR), respectively.
B. Semiconductor electrode
Having computed the different factors versus gate volt-
age associated with the NA model, we now proceed to
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FIG. 2: Panels (a), (b), (c), (d) and (e) provide the informa-
tion about the charge current, charge auto-shot noise, charge
cross-shot noise, charge auto-fano and charge cross-fano ver-
sus gate voltage of the metallic junction, for different param-
eters: (1) Bz = 0.1, Bx = 0.1 (dot red line) (2) Bz = 0.1,
Bx = 0.2 ( dashed blue line) (3) Bz = 0.01, Bx = 0.01 ( solid
black line), respectively (here we fixed site energy as  = 0.05).
Panels labelled with capital letters have the same meaning for
spin case. Panels (f) and (F) are a density plot correspond to
the charge and spin current through the junction for various
molecular site energies and applied gate voltages. We fixed
magnetic fields as Bz = 1, Bx = 0.9
investigate spin-charge current and auto-cross correla-
tion versus gate voltage in terms of systems based on
semiconductor electrodes within the AB and AS model.
One parameter issue is: how do semiconducting elec-
trodes change the spin-charge current and auto-cross cor-
relation profiles compared to metal electrodes? In the
limit of semiconductor/QD/semiconductor junctions, the
resonant peaks get substantial widths compared to the
metal/QD/ metal connections. The contribution to the
widening of the resonant peaks in this junctions limit
arises from the molecular shifting energy. This feature is
obviously observed by comparing the results plotted in
Fig. 2-(f) and Fig. 2-(F) with Fig. 3 and Fig. 4. On the
other hand, the semiconductor band gap is the most im-
portant features of the Fig. 3 and Fig. 4, as shown by the
limit of zero spin and charge current in each plot. In these
sectors, the absence of states in the left contacts prevents
from injecting electrons into the junction; likewise, there
are no states for them to occupy once transmitted to the
right contact.
The Fig. 3 and Fig. 4 show charge and spin currents
as a function of gate voltage Vg and on site energy 
for semiconductor junctions, respectively. In the both
Fig. 3 and Fig. 4, left and right column corresponds to the
AB/QD/AB and the AS/QD/AS junctions, respectively.
Rows from top to bottom are addressing to the 0, 1, and
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FIG. 3: The left and the right columns provide information
about the charge current through AB and AS semiconductor
junctions, respectively. Rows from top to bottom are address-
ing to the 0, 1, and 2 surface states. We fixed magnetic fields
as Bz = 1, Bx = 0.9
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FIG. 4: The left and the right columns provide information
about the spin current through AB and AS semiconductor
junctions, respectively. Rows from top to buttom are ad-
dressing to the 0, 1, and 2 surface states. We fixed magnetic
fields as Bz = 1, Bx = 0.9
2 surface states. Transverse and longitudinal magnetic
fields are set at Bx=0.9 and Bz=1.
As it is clear from these figures, the bonding config-
uration has a noticeable effect on the charge and spin
current. The principle effect of bond configuration on
the charge is that, the broadening of the HCRs in both
bands reduces with more surface state, which is described
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FIG. 5: The left and the right columns provide information
about the charge and spin current versus gate voltage Vg of the
AB/QD/AB junction, for different parameters: (1)  = 0.05,
Bz = 0.1, Bx = 0.1 (dotted red line); (2)  = 1.0, Bz = 0.1,
Bx = 0.1 (dashed-dotted black line); (3)  = 1.0, Bz = 0.9,
Bx = 0.5 (solid blue line); (4)  = 0.05, Bz = 1.0, Bx = 0.1
(dashed green line), respectively. The top, the middle and
the bottom panels correspond to the 0, 1 and 2 surface states,
respectively.
by the scaling of ΣAB(E) with t2
−2. ΛAB(E), which is
significant for semiconductor electrodes, is responsible for
both the contorted shape of the HCR as well as its move-
ment away from the diagonal. The electron transport is
affected by energy-level shifts and is also sensitive to the
presence of the bond configurations. Generally speaking,
HCRs are shifted, broadened and bent depending on the
presence of bonding configuration (see Fig. 3-(a), (c) and
(e)). We divide the high spin current into two regions
as so called HNSRs and HPSRs. The careful inspec-
tion of Fig. 4-(a), (c) and (e) reveals that the shifting,
bending and broadening of LNSRs and HPSRs in both
bands are similar to HCRs in Fig. 3-(a), (c) and (e), re-
spectively. The band gap, which is shown by the limit
of zero charge and spin current as well as the bonding
configurations in these junctions are noticeable.
For the AS case, when the QD is attached to the iden-
tical atom type on both leads (both εk < 0 or εk > 0),
the degenerate bonding configuration appear to create a
system resonance at εk for all site energy of te QD, which
leads to perfect transmission at E = εk irrespective of
the QD site energy ε, as shown in Fig 3-(d). Conversely,
when the QD has mixed bonding to the leads, the surface
states at εk and −εk seem to destroy charge current at
εk (see Fig. 3-(b) and (f)). Many of the HCRs
, trends
observed in the charge current profile such as broaden-
ing, shifting and bending are still present for HNSRs
and HPSRs for respective junctions (see Fig. 4-(b), (d)
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FIG. 6: The left, middle and the right columns indicate the
charge auto-shot correlation , cross-shot correlation and cross-
Fano factor versus gate voltage Vg of the AB/QD/AB junc-
tion. Parameters are same as the Fig. 5.
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FIG. 7: The left, middle and the right columns indicate the
spin auto-shot correlation , cross-shot correlation and cross-
Fano factor versus gate voltage Vg of the AB/QD/AB junc-
tion. Parameters are same as the Fig. 5.
and (f)), The difference is that the spin currents change
their sign in both bands for all surface states. Now, we
proceed with the detailed study of each model separately.
Alternative bond model(AB): In the left and right
column of Fig. 5, we have plotted the charge current and
spin current versus gate voltage for different parameters,
where top, middle and bottom panels correspond to 0, 1
and 2 surface states, respectively. Different line shapes
correspond to various parameters including  = 0.05,
Bz = 0.1, Bx = 0.1 (dotted red line);  = 1.0, Bz = 0.1,
Bx = 0.1 (dashed-dotted black line);  = 1.0, Bz = 0.9,
Bx = 0.5 (solid blue line);  = 0.05, Bz = 1.0, Bx = 0.1
(dashed green line), are shown. It can be seen from
this figure, when the  is so large compared to the value√
B2x +B
2
z , the charge current has the lowest value in
the negative range of gate voltage (dashed-dotted black
line) by contrast, it has an opposite behaviour at the
positive range of the gate voltage for all possible bond-
ing configurations. As understood from the right column
of this figure, for  = 1.0, Bz = 0.9, Bx = 0.5 , the
spin current (solid-blue line) has a more extensive range
compared to the other three parameters for all possible
surface states. Another issue in the spin current profile
is that, at some fixed parameters, different surface states
show comlpicated line shapes in which one can see the
two sign changing for the 2 surface state (see the dot-
ted red line at the right bottom most panel of Fig. 5).
Moreover, there is an asymmetric behaviour of spin cur-
rent between different signs of the gate voltage for other
parameters containing ε = 1.0 as we vary the gate volt-
age (it is more apparent for solid blue line). It is worth
mentioning that for some fixed parameters (ε = 0.05,
Bz = 0.1, Bx = 0.1 (dotted red line)) one can see both
charge and spin current enhancement in the 2 surface
state (see the dotted red line at the bottom panels of
Fig. 5).
The left and middle column of Fig. 6(Fig. 7), show the
auto and cross of charge(spin) current noise versus gate
voltage, where the top, middle and bottom panel are 0,
1 and 2 surface states, respectively. The right column of
these figures shows the cross-Fano factor of charge(spin)
current. For charge current noise, both auto and cross
behave as it is expected in which SLL = −SLR. A
noticeable point which should be indicated is that at the
edge of either valence and conduction bands, the Fano
factor reaches the Poissonian limit. Moreover, depends
on parameters one can see symmetric or antisymmetric
line shapes versus gate voltage. In spin case (Fig. 7),
the auto correlation is positive for all possible surface
states. When  is so big compared to
√
B2x +B
2
z
(dashed-dotted black line) or is comparable, but smaller
than this quantity(solid blue line), the auto correlation
has a different behaviour in the positive and negative
sign of the Vg. The former is followed by two peaks
over the positive range. There is a symmetric behaviour
of auto correlation between two different signs of the
gate voltage for other parameters with  = 0.05 (dotted
red and dashed green line). Various line-shapes of
correlation are found for different parameters. It is
obvious that SLL 6= SLR. The middle column of this
figure shows that the SLR has positive value over the
gate voltage for 0 surface states as well as for all various
parameters, while for 1 and 2 surface states it oscillates
between negative and positive value for some parameters
(dashed green line). The spin cross-Fano factor (see the
right column of Fig. 7.) shows quite an enhancement
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FIG. 8: The left and the right columns provide information
about the charge and spin current versus gate voltage Vg of the
AB/QD/AB junction, for different parameters: (1)  = 0.0,
Bz = 1, Bx = 0.1 (dotted red line); (2)  = 0.5, Bz = 0.5,
Bx = 1.0 (dashed black line); (3)  = 1.0, Bz = 1.0, Bx = 1.0
(solid blue line), respectively. The top, the middle and the
bottom panels correspond to the 0, 1 and 2 surface states,
respectively.
comparable to the charge one. For some parameters one
can see the super-Poissonian limit reached. Similar to
the metal case, in the AB junction, at the point which
the spin current changes its sign (zero spin current), a
sharp enhancement of the spin Fano factor happens.
Moreover, a huge enhancement also occurred at the
point which the auto correlation changes sign (see the
dashed green line in the bottom panel).
Alternative site model(AS): Now, we regard a
TiO2/QD/TiO2 connection. We face with similar choices
in bonding configuration. In Fig. 8 we have depicted the
results for charge current (left column) and spin current
(right column) versus gate voltage, while the auto cor-
relation and cross correlation spectrum of charge (spin)
current are given in the left column and middle column
of Fig. 9(Fig. 10), respectively, which top, middle and
bottom panel correspond to 0, 1 and 2 surface states. In
the AS model charge current shows less symmetry than
the AB model which is the direct consequence of density
of states. The spin current profile shows that the gen-
eral trend observed in the AB model is still present. For
charge current noise, both auto and cross behave as it
is expected. Similar to the AB model, here at the edge
of both valence and conduction bands, the Fano factor
reaches the Poissonian limit F = 1. Further, depends on
the parameters, symmetric line shapes versus gate volt-
age just observed in the 1 surface state.
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FIG. 9: The left, middle and the right columns indicate the
charge auto-shot correlation , cross-shot correlation and auto-
Fano versus gate voltage Vg of the AS/QD/AS junction. Pa-
rameters are same as the Fig. 8.
By comparing the results shown in Fig. 7 and Fig. 10,
we can see that the spin cross shot noise for different
parameters has negative values for junctions with two
titanium di-oxide electrodes, while, it oscillates between
positive and negative values for junctions with two silicon
electrodes for parameters including  = 0.05, Bx = 0.9
and  = 0.05, Bx = 0.1 in 1 and 2 surface states, respec-
tively, as we vary the gate voltage. This is an interesting
feature that the two different AB and AS junctions show
different responses to the spin-flip proscess. Quite simi-
lar to the AB model, the spin cross-Fano factor (see the
right column of Fig. 10) shows an enhancement compa-
rable to the charge one. For some parameters one can
see the super-Poissonian limit reached. Similar to the
metal case, in the AS junction, at the point which the
spin current changes its sign (zero spin current), a sharp
enhancement of the spin Fano factor happens.
V. CONCLUSION
In this paper, using the scattering matrix approach,
we have theoretically investigated the shot-noise of
spin current through a quantum dot with a resonant
level coupled with two metal or semiconductor elec-
trodes, where two longitudinal (Bx) and transverse
(Bz) magnetic fields are applied to the QD. We use two
generalized tight-binding models, alternating bond (AB)
and alternating site (AS) models in order to characterize
the semiconductor contacts. The well known Newns-
Anderson model has been also considered to characterize
the metal contacts as a comparison benchmark. Be-
cause the symmetries are broken in the semiconductor
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FIG. 10: The left, middle and the right columns indicate
the charge auto-shot correlation , cross-shot correlation and
auto-Fano versus gate voltage Vg of the AS/QD/AS junction.
Parameters are same as the Fig. 8.
contacts, surface states appear. Three different kinds
of surface states labeled as 0, 1 and 2 have been
regarded. We see that the spectral density of current
fluctuations of spin current is not a conserved quantity.
Hence both auto correlation and cross correlation are
needed to characterize the correlation of spin current
for a system including Bx. Model calculations show
that, by tuning the gate voltage cross-correlation for
different parameters has negative values for AS/QD/AS
junctions, by contrast for AB/QD/AB junctions, it
fluctuates between positive and negative values over the
gate voltage for some parameters and surface states.
This is an interesting feature that the two different AB
and AS junctions has different response to the spin-flip
proscess. Different line shapes are found as we change
the system parameters in particular for semiconductor
junctions. We also addressed two kind of spin Fano
factor correspond two auto and cross noise. Results
show that for both metal and semiconductor junctions,
near the point which the spin current changes its sign
(zero spin current) one can see a sharp enhancement
of the Fano factor up to F = 2 fro some parameters.
Actually, it resembles to the superconductor with F = 2
which the Cooper pairing causes an attractive Coulomb
interaction between the electrons.
VI. ASSOCIATED CONTENT
The Supporting Information is available free of charge
via the internet at http://pubs.acs.org.
In the supporting information, we have provided a
detailed and pedagogical derivation of the Shot noise
and self energies. In section 1, we introduce a graph-
ical approach. Section 2 gives a full description of
current-current fluctuation. Two equilibrium and non-
equilibrium situations are explained in section 4 and sec-
tion 5, respectively. A two terminal junction case is fol-
lowed by section 5. In section 6, we present a lengthy,
but straightforward calculation of self-energies.
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